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Abstract. We discovered by using high resolution 
video microscopy, that membranes become attached 
selectively to the growing plus ends of microtubules by 
membrane/microtubule tip attachment complexes 
(TACs) in interphase-arrested, undiluted, Xenopus egg 
extracts. Persistent plus end growth of stationary micro- 
tubules pushed the membranes into thin tubules and 
dragged them through the cytoplasm at the ~20 p,m/ 
min velocity typical of free plus ends. Membrane tu- 
bules also remained attached to plus ends when they 
switched to the shortening phase of dynamic instability 
at velocities typical of free ends, 50-60 ixm/min. Over 
time, the membrane tubules contacted and fused with 
one another along their lengths, forming a polygonal 
network much like the distribution of ER in cells. Sev- 
eral components of the membrane networks formed by 
TACs were identified as ER by immunofluorescent 
staining using antibodies to ER-resident proteins. TAC 
motility was not inhibited by known inhibitors of mi- 
crotubule motor activity, including 5 mM AMP-PNP, 
250 IxM orthovanadate, and ATP depletion. These re- 
sults show that membrane/microtubule TACs enable 
polymerizing ends to push and depolymerizing ends to 
pull membranes into thin tubular extensions and net- 
works at fast velocities. 
T 
HE microtubule cytoskeleton provides a  structural 
basis for the transport and positional maintenance 
of tubulovesicular  membranous  organelles  in  the 
cytoplasm of eukaryotic cells. In living cells, the tubulove- 
sicular membrane networks of both the ER (Terasaki et 
al., 1984; Lee and Chen, 1988; Terasaki and Reese, 1994) 
and Golgi apparatus (Cooper et al.,  1990)  have been ob- 
served to form through  a  process whereby single  mem- 
brane tubules advance towards the cell periphery, contact 
other advancing tubules, and fuse to form junctions and 
polygonal networks. The direction of nascent membrane 
tubule  extension and  branching  is  often correlated with 
the positions of single microtubules (Terasaki et al., 1986; 
Dailey and Bridgman, 1989; Lee et al., 1989; Terasaki and 
Reese, 1994). 
Two  models  have  been  proposed  to  explain  the  ob- 
served colinear growth and distribution between microtu- 
bules  and  membrane  tubules  in  living cells.  The first is 
based on the involvement of microtubule motor proteins, 
such as the kinesins or cytoplasmic dynein. In this model, 
either the microtubule serves as a  stationary track upon 
which the membrane-attached motors move, or the mem- 
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brane forms a static link to a preexisting microtubule, and 
the  attached  membrane  is  translocated by microtubule- 
microtubule gliding generated by motor activity between 
microtubules.  In  support  of  this,  several  investigators 
(Dabora and Sheetz, 1988; Vale and Hotani, 1988; Allan 
and Vale, 1991,  1994)  have shown that dynamic ER-like 
membrane tubule networks form in vitro by microtubule 
or membrane gliding mechanisms  when crude organelle 
fractions are mixed with cytosolic extracts and taxol stabi- 
lized microtubules in the presence of ATP. In an alternate 
model, forces are not generated by the activity of microtu- 
bule motor proteins. Instead, membrane tubules may be 
extended by their attachment to the tips of elongating mi- 
crotubules, and force is provided by microtubule polymer- 
ization itself (as suggested by Dailey and Bridgman, 1989). 
In this case, a specialized membrane attachment would be 
required to couple a membrane to the dynamic end of a 
microtubule during the  addition and removal of tubulin 
subunits, not unlike the type of attachment that forms be- 
tween a kinetochore and the tip of a spindle microtubule 
during the chromosomal movements in mitosis (reviewed 
by Rieder and Salmon, 1994). 
In this paper, we provide the first direct evidence that 
cellularly  derived  membranes  selectively  attach  to  dy- 
namic  plus  ends  of microtubules by membrane/microtu- 
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between individual microtubule ends and membrane vesi- 
cles  were  recorded  and  analyzed  using  high  resolution 
video-enhanced differential interference contrast micros- 
copy (VE-DIC)  in  undiluted  interphase  cytoplasmic ex- 
tracts of Xenopus eggs. Our results show that membrane/ 
microtubule TACs push and pull membranes into tubules 
and polygonal networks by the polymerization and depo, 
lymerization of microtubules at the plus end TAC attach- 
ment site, even under conditions that inhibit microtubule- 
based motor activity. 
Materials and Methods 
Preparation of  Interphase-arrested  Xenopus Extracts 
Undiluted cytoplasmic extracts of Xenopus eggs were prepared according 
to the method of Murray (1991).  Meiotically  arrested extracts were in- 
duced into interphase by a 40-min incubation at 20°C in the presence of 50 
~M  emetine  and  0.3  mM  CaC12. The  extract  was then  clarified  via  a 
100,000-g spin in a TL-100 rotor (Beckman Instrs., Inc., Fullerton, CA) for 
30  min at 22°C, and the  supernatant was frozen in liquid nitrogen and 
stored at -80°C until use. 
Membrane Motility Assays 
lnterphase-arrested Xenopus  extract,  made  1  mM  in  both  GTP  and 
MgCI2, was introduced into a ~10-lxl  capacity  simple flow chamber (as- 
sembled from a slide, a 22 × 22-mm no. 1 coverslip and two parallel strips 
of 70-p~m-thick double-stick tape, which formed a 4-mm-wide channel). 
The chamber was sealed with valap and microtubule growth dynamics and 
membrane network formation were observed just below the plane of the 
coverslip by VE-DIC. For most experiments, flow chambers were per- 
fused with Stronglyocentratus  purpuratus axonemes (Bell  et al.,  1982) in 
XB buffer (100 mM KC1, 0.1 mM CaClz, 1 mM MgCI 2, 50 mM sucrose, 10 
mM Hepes, pH 7.7) before adding extract and observing the formation of 
membrane networks. In some experiments, extracts were diluted  1:3  in 
acetate buffer (Allan and Vale, 1994) (100 mM potassium acetate, 3 mM 
magnesium acetate, 5 mM EGTA, 150 mM sucrose and 10 mM Hepes, pH 
7.4)  and  made  1 mM  in  GTP  and  MgCI2 before introduction  into the 
chamber. When Mg  2+ AMP-PNP or sodium orthovanadate were used in 
both diluted and undiluted extracts, they were added from 100 and 89 mM 
stock solutions, respectively.  To deplete ATP from the undiluted extracts, 
50 ~g/ml hexokinase (Calbiochem-Novabiochem, La Jolla,  CA), 200 ixM 
APsA  (p1pS di(adenosine-5')pentaphosphate) and  1  mM  glucose  were 
added and the extract was incubated ~30 min at room temperature. 
Microscopy and Data Analysis 
Motility  was monitored by VE-DIC at room temperature with a Nikon 
Microphot FXA microscope (Nikon Inc., Melville,  NY) equipped with a 
DIC aplanatic achromat 1.4 oil condenser and a 60× 1.4 oil planapochro- 
mat DIC objective and 4x projection magnification to the video camera. 
Illumination was provided by a 200 W metal halide lamp (Nikon) and re- 
layed into the microscope through a 546  -+ 20-nm bandwidth filter by a 
liquid light guide (Nikon). Images were collected  by a Hamamatsu Newvi- 
con C-2400  camera and contrast enhancement, background subtraction 
and four frame averaging were performed by a Hamamatsu Argus-10 im- 
age processor prior to recording the images in real time on a Panasonic 
S-VHS recorder (model AG-6750AP; Panasonic, Secaucus~ NJ). Average 
rates of microtubule growth and shortening were calculated  directly  from 
video  tapes  in  real  time  by  regression analysis  of microtubule  length 
changes over time using a PC-based analysis system (Walker et al., 1988). 
Epifluorescent images were recorded using a  multimode digital  fluores- 
cence microscope system (Salmon et al., 1994) using a Nikon 60x 1.4 Plan 
Apochromat objective  and  1.0×  projection  magnification  to  a  Ham- 
mamatsu (24880 cooled CCD camera (Hammamatsu Corp, Bridgewater, 
1. Abbreviations used in this paper: TAC, tip attachment complexes; VE- 
DIC, video enhanced differential interference contrast microscopy, 
N  J).  Images were captured in digital  format from the  camera or from 
video tapes using a Metamorph image processing system (Universal Imag 
ing Corp., Westchester, PA). Image contrast enhancement and "sharpen- 
ing" convolutions were performed using Adobe Photoshop software, and 
micrographs were printed on a dye sublimation printer (Tektronix Phaser 
II SDX; Textronix S. p. A., Milan) with a four color ribbon. 
Immunocytochemistry 
Xenopus extracts and crude rat pancreatic RER fractions (provided by C. 
Nicchita,  Duke Univ., Durham, NC) were fractionated by SDS-PAGE, 
electroblotted  to nitrocellulose in transfer buffer (50  mM  CAPS,  20% 
MeOH, 0.075%  SDS, pH  11.5) and the blots probed with rabbit poly- 
clonal antibodies (kind gift of C. Nicchita)  specific to the resident ER pro- 
tein ribophorin I (Rosenfeld et al., 1984), an anti-peptide antibody to the 
NH2-terminal 12 amino acids  of sec61p  (Gorlich et al.,  1992) or an anti- 
peptide  antibody to the  NH2-terminal  12  amino acids  of BiP  (GRP78) 
(Munro and Pelham, 1986). Primary antibodies were localized  using HRP 
conjugated  secondary  antibodies  and  blots developed  with 4-chloro-3- 
napthoI. ER-specific antibodies reacted exclusively  with single  bands in 
interphase Xenopus extract (not shown). To prepare for immunofluores- 
cence  localization  of ER proteins, Xenopus extract was diluted 1:3 in ace 
tate buffer, made 5 mM in AMP-PNP, and then axonemes were added to 
the flow chamber. Under these conditions, membrane networks formed in 
close  contact  with  the  coverslip  and  were  undisturbed  by  fluid  flow 
through the chamber. Extract was then added  to the chamber, and net- 
works were allowed to form for ~30-60 rain. When membrane networks 
were visible  by VE-DIC, acetate buffer was slowly perfused through the 
chamber to wash out excess cytosol,  and this was followed by perfusion 
with 0.2% glutaraldehyde in acetate buffer. Fixation proceeded for 20 min 
at room temperature. The coverslips were then removed from the slide 
and incubated at -20°C for 6 min each in MeOH and then acetone, suc- 
cessively. Coverslips were blocked in PBS containing 1 mg/ml NaBH4 and 
then in PBS plus 1% normal goat serum and 10% fetal calf serum, before 
processing for indirect immunofluorescence. 
Results 
Membrane Tubules and Polygonal  Networks Are 
Formed by Microtubule TA Cs 
To view microtubule/membrane  interactions  in  an  envi- 
ronment as close as possible to in vivo conditions, we used 
undiluted cytoplasmic extracts of Xenopus eggs that were 
blocked in interphase (Murray, 1991).  These extracts were 
clarified of yolk and large membrane aggregates by high- 
speed centrifigation (100,000 g for 30 min) to enable VE- 
DIC microscopy of individual  microtubule  assembly dy- 
namics (Parsons, S. F.,  and E.  D. Salmon, manuscript in 
preparation).  The total protein concentration  in  extracts 
prepared by this method is near 80 mg/ml and the tubulin 
concentration  is  N20  ixM  (Parsons,  S.  F.,  and  E.  D. 
Salmon, manuscript in preparation).  Microtubule  assem- 
bly in the extracts was seeded from axoneme fragments at- 
tached to the inner surface of the coverslip. Only plus end 
growth occurs from axonemes in Xenopus cytoplasmic ex- 
tracts; minus end growth is blocked (Gard and Kirschner, 
1987; Belmont et al., 1990). Microtubules grew rapidly in 
our extracts, (17 z  4 txm/min (n =  33), Table I), with rare 
dynamic  instability,  such  that  within  ~15  min  a  dense 
meshwork of long microtubules was established.  Sponta- 
neous nucleation occurred more slowly in comparison to 
the  nucleation  of plus  end  growth  from axonemes  (Bel- 
mont et al.,  1990;  Verde  et  al.,  1992).  Although  the  ex- 
tracts had been clarified, many membrane vesicles and ag- 
gregates were present. 
After  ~30  min  of  microtubule  assembly,  long,  thin 
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Microtubules Plus Ends and Microtubules with Membrane 
TACs Coupled to Their Plus Ends 
Free MTs  TACs 
(ktm/min +- SD) 
Elongation 
Control  17 _+ 4  (n  =  33)  19 -+ 4  (n  =  51) 
5 mM AMP-PNP  15 --_ 2 (n  =  14)  22 -+ 3 (n  =  27) 
25 IxM NaV04  27 -+- 5  (n  =  54)  27 -+ 4  (n  =  56) 
250 txM NaVO4  20 _+ 3 (n  =  24)  22 4- 2  (n  =  36) 
ATP depletion  19 +  4  (n  =  46)  21  +  6 (n  =  93) 
Shortening 
5  mM AMP-PNP  58 +  6 (n  =  7)  55 +  6 (n  =  7) 
Undiluted extract was used in all experiments. ATP was depleted from extracts by the 
addition of 50 p~g/ml hexokinase, 200 IxM APsA and 1 mM glucose. Because catas- 
trophe was so infrequent in control extracts, microtubule shortening rates were only 
determined in extracts containing AMP-PNP. 
membrane tubules were frequently seen attached solely to 
the tips of microtubules  as they extended through the ex- 
tract at ~19 txm/min (Figs. 1 a and 2; Table I). We term the 
membrane region that binds to the tip of a  microtubule  a 
tip attachment complex. By VE-DIC, the TAC is charac- 
terized  by a  bulb-like,  refractile,  globular  domain  at  the 
end of the membrane tubule  where  it attaches  to the mi- 
crotubule tip (Figs. 1 a and 2). 
These  membrane  tubules  formed  when  a  microtubule 
end moved through a  membrane  aggregate or tubule  ex- 
tension,  and  an  attachment  between  the  membrane  and 
the  microtubule  tip  formed  (Fig.  2).  As  the  microtubule 
end  moved  beyond  the  aggregate,  the  attachment  re- 
mained,  and a  membrane  tubule  was extended.  Globular 
membrane  aggregates  often  became  stretched  out  into 
compliant tubules,  more than 50 Ixm in length, as the mi- 
crotubule  tip  pushed  the  membrane  through  the  extract 
for many  minutes.  The  formation  of membrane  tubules 
was dependent  on the presence of microtubules, as depo- 
lymerization  of microtubules  by  a  30-min  incubation  at 
4°C  caused  membrane  tubules  to  disappear.  This  effect 
was reversed upon rewarming the slides to 25°C. 
The membrane tubules were rough in profile, and typi- 
cally  appeared  quite  flexible  in  comparison  to  microtu- 
bules,  exhibiting  extensive  lateral  Brownian  motion.  As 
forming membrane tubules came into contact with one an- 
other  along  their  lengths,  they fused,  forming three  way 
junctions characteristic of ER networks in living cells and 
similar  to  the  membrane  polygonal  networks  formed  in 
other in vitro systems (Dabora and Sheetz, 1988; Vale and 
Hotani, 1988; Allan and Vale, 1991, 1994). After ~90 min, 
extensive  polygonal networks  became established  (Fig.  1 
b). The polygonal membrane networks stained with the li- 
pophilic, cationic dye DiOC6(3)  (not shown)  and by anti- 
bodies  to  molecules  specific  for  ER  including  GRP78 
(BiP),  a  78-kD lumenal ER protein  (Munro and Pelham, 
1986),  ribophorin  I,  a  66-kD  RER  oligosaccharyl  trans- 
ferase  (Rosenfeld et al.,  1984),  and sec61p, a  39-kD inte- 
gral ER membrane protein (Gorlich et al., 1992). Localiza- 
tion with DiOC6(3 ) or any of the three antibodies revealed 
labelling  of  an  extensive  polygonal  membrane  network 
that resembled ER from living cells (Fig. 1 c). 
Figure 1.  The formation of membrane tubules and polygonal net- 
works  in  undiluted,  clarified  interphase  arrested  Xenopus ex- 
tracts.  (a)  VE-DIC micrograph  of an  extended  tubular  mem- 
brane  (small arrow) attached  to  the  tip  (large arrow) of  an 
individual microtubule (arrowheads) seen ~30 min after initia- 
tion of microtubule assembly.  (b) An extensive polygonal tubu- 
lovesicular membrane network formed in the extract ~90 min af- 
ter  the  initiation  of  microtubule  assembly.  (c)  Fluorescence 
micrograph  of membrane  networks.  Extract  was  observed  by 
VE-DIC  microscopy for  ~90  min  until  membrane  networks 
formed. The preparation was then fixed and processed for immu- 
nofluorescent localization of the ER protein,  GRP78, with  the 
BiP antibody. This antibody was localized to the polygonal mem- 
brane network. Bars: (a and b) 5 Ixm; (c) 10 ~m. 
TA Cs Are Pushed by Polymerizing Microtubule 
Plus Ends in the Presence of Inhibitors of Microtubule 
Motor Activity 
Several observations indicated that the formation of mem- 
brane  tubules  and  polygonal  networks  in  our  undiluted 
Xenopus  extracts  was  mainly  produced  by  microtubule 
plus end polymerization at the TAC and not by membrane 
attachment  to the ends of microtubules  that were gliding 
along  the  coverslip  surface.  We  seldom  observed  mem- 
brane tubule gliding along stationary microtubules nor mi- 
crotubule  gliding  over the  coverslip  surface.  In addition, 
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microtubule in undiluted extract.  (a) A membrane tubule (small 
arrowhead) was formed from a preexisting tubulovesicular mem- 
brane (large arrows) by attachment solely to the tip (large arrow- 
head) of a single elongating microtubule (small arrow). (b-e) As 
the microtubule tip continued to move at ~20 p~m/min, its attach- 
ment to the membrane remained intact (large arrowhead), and 
the membrane tubule  (small arrowhead) was pulled  out as the 
microtubule elongated. Time: (a) 0 s; (b) 12 s; (c) 22 s; (d) 33 s; (e) 
41 s. Bar, 5 txm. 
the velocity of TAC motility was nearly identical to the ve- 
locity of the  plus  end  growth  of microtubules  nucleated 
from coverslip-bound axonemes (Table I). After 20 min of 
microtubule  growth,  microtubules  were  hundreds  of mi- 
crons  long  and  some  self nucleation  had  occurred.  This 
made  it  difficult  to  track  many  microtubules  from  the 
TAC on the membrane tubule to the nucleation site. How- 
ever,  clear  examples  were  recorded  showing  membrane 
tubule attachment to the polymerizing plus ends of micro- 
tubules nucleated from coverslip bound axonemes. 
As a test of the relative roles of microtubule polymeriza- 
tion and microtubule  motor activity in membrane  tubule 
extension,  we  treated  the  undiluted  extracts  with  inhibi- 
tors of microtubule motor activity (Allan and Vale, 1991). 
Extracts were either treated with 5 mM AMP-PNP, 25 or 
250  txM  orthovanadate  ion, or ATP was depleted  by the 
addition of 50 txg/ml hexokinase, 200 txM APsA (to inhibit 
conversion  of  GTP  to  ATP)  and  1  mM  glucose.  In  all 
cases, small membrane vesicles became statically bound to 
microtubules and the infrequent microtubule gliding activ- 
ity seen in control extracts was stopped.  In 5  mM AMP- 
PNP in particular,  selfnucleation of microtubule assembly 
was blocked, and all microtubule assembly occurred from 
coverslip-bound  axonemes.  Nevertheless,  membrane  tu- 
bules continued to form by attachment to the tips of grow- 
ing microtubuIes over the same time period as in control 
extracts (Table I). When a vesicle became bound to a  mi- 
crotubule that was actively extending a membrane tubule 
at its  tip, the vesicle remained  stationary  on the microtu- 
bule,  while  the  distance  between  the  vesicle  and  the  ad- 
vancing microtubule tip increased (not shown), again indi- 
cating that the movement of the microtubule tip was due 
to microtubule plus end polymerization as opposed to mi- 
crotubule translocation. 
To further examine the role of microtubule motor activ- 
ity within the TAC complex, we compared the kinetics of 
microtubule  plus  end  growth  with  and  without  attached 
membrane  TAC complexes,  both  in  the  presence  or  ab- 
sence of the inhibitors  of microtubule motor activity. Mi- 
crotubules with attached  membranes had growth kinetics 
that were similar to free ends (Fig. 3). In addition, none of 
the inhibitors tested produced any significant inhibition of 
growth  velocity,  nor  did  they  induce  pauses  or  sudden 
shifts in velocity for either free or TAC-coupled microtu- 
bule ends  (Fig. 3  and Table I). In addition,  the TACs did 
not induce any noticable increase in dynamic instability in 
comparison to unbound ends under the same conditions. 
The  above results  were  unexpected  based  on previous 
reports that membrane tubule networks are formed in in- 
terphase Xenopus extracts by membrane-microtubule slid- 
ing  mechanisms  (Allan  and  Vale,  1991,  1994).  In  these 
studies, the extracts were diluted 1:3 with an acetate buffer 
and membrane tubules were shown to be pulled from en- 
dogenous  membrane  aggregates  by making  a  sliding  at- 
tachment to the shaft of a preexisting, stationary microtu- 
bule. We prepared extracts in an identical fashion to those 
of Allan and Vale (1991,  1994)  (see Materials  and Meth- 
ods).  In these  acetate  buffer-diluted  interphase  extracts, 
membrane tubules were extended via motile attachments 
that glided  along microtubules  in regions near the cover- 
slip surface, as reported. However, just below the plane of 
the  coverslip,  membrane  tubules  were  extended  by their 
attachment to microtubule ends (not shown). Addition of 
either 5 mM AMP-PNP or 250 IxM vanadate inhibited  the 
formation  of membrane  tubules  by  gliding,  while  mem- 
brane  tubule  formation by TAC motility was  unaffected 
(Table  II).  Thus,  two  means  of microtubule  dependent 
membrane  tubule  formation can occur simultaneously  in 
Xenopus extracts.  Microtubule motor inhibitors block the 
sliding mechanism, while  the polymerization driven TAC 
mechanism remains unaffected. 
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Membrane Tubule Elongation in Extracts Diluted 3:1 in 
Acetate Buffer 
TACs/4 min  Sliding  events/4  min 
Control  11 -+ 2  7 --+ 3 
5 mM AMP-PNP  11 -+ 2  0 -+ 0 
250 I.zM  orthovanadate  10 + 2  2 _  1 
Values were obtained by averaging the number of events (TACs and/or sliding 
events)  recorded  in six separate  4-rain  observation  periods. 
TA  Cs Remain Attached to Depolymerizing Plus Ends 
Microtubule ends in the growth phase of dynamic instabil- 
ity  are  believed  to  be  stabilized  by  a  terminal  cap  of 
straight  GTP-tubulin  protofilaments,  while  microtubule 
ends  in  the  shortening  phase  have  curved  GDP-tubulin 
protofilaments (reviewed by Caplow, 1992;  Erickson and 
O'Brien,  1992;  see  also  Dreschel  and  Kirschner,  1994). 
Thus,  it was  of interest to know whether  the membrane 
TAC  complexes  stayed  bound  to  plus  ends  when  they 
switched from growth to shortening. However, in the undi- 
luted extract preparations used in this study, microtubules 
grew steadily for as long as the preparations retained their 
ability to form membrane  networks, often up to 2  h. We 
found that addition of 5 mM AMP-PNP to the extracts in- 
creased  the  frequency  of  catastrophe  (the  switch  from 
growth to shortening) without altering the normal growth 
rate of unattached ends (Table 1). 
Under these conditions, it was apparent that membrane 
TACs were  capable of retaining their  attachment  to the 
microtubule tip not only during elongation, but also during 
catastrophe, shortening, and rescue (the switch from short- 
ening back to growth). During rapid shortening the tubule 
remained attached to and was pulled back with the short- 
ening end  (Fig. 4).  In a  few cases, microtubule plus ends 
were observed to go through several cycles of growth and 
shortening  over  distances  of  at  least  20-30  ~m,  while 
TACs remained attached. The  velocity of shortening for 
ends bound to TACs was 55 ixm/min, not significantly dif- 
ferent  than  the  58  p~m/min  velocities measured  for  free 
ends in the AMP-PNP treated extracts (Fig. 3 and Table I) 
and the 58 ixm/min velocities, observed for extracts with- 
out AMP-PNP where catastrophe was induced by adding 1 
p~M porcine brain tubulin (Parsons, S., and E. D. Salmon, 
unpublished observations). Thus, the membrane/microtu- 
bule TACs were functional in both the growth and short- 
ening phases of dynamic instability. 
The Dynamic Attachment of  Membrane TA  Cs to 
Microtubule Plus Ends Is Robust 
We obtained an estimate of the character and strength of 
TAC attachment to polymerizing plus ends from the buck- 
ling of microtubules.  Membrane  tubules  exerted a  com- 
pressive  force  on  their  attached  microtubules.  Buckling 
was  usually not significant when plus end growth was re- 
sisted only by drag forces on the membrane. However, oc- 
casionally a membrane tubule would become stuck to the 
glass within 10-20 txm of the growing plus end. When this 
occurred, the membrane  tubule became noticably "taut" 
as the microtubule continued to grow. The stretched, taut 
condition of the membrane was indicated by a loss of pli- 
ance, a reduction in lateral Brownian motion, and the ac- 
quisition  of a  smoother,  narrower  profile  (Fig.  5  a).  As 
elongation  continued,  the  stretched  membrane  tubule 
bent the tethered microtubule into a short radius of curva- 
ture  (<20  Ixm) when  objects attached to the glass or the 
microtubule network inhibited lateral microtubule move- 
ment.  In some cases, microtubules bowed a  full 90-180  °, 
such  that membranes were attached at angles of ~90 ° to 
the growing microtubule tip axis (Fig 5 b). When the limit 
of TAC attachment force was reached, the membrane tu- 
bule snapped  off of the  microtubule  end  and  shortened 
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Figure 3.  The kinetics of plus end growth 
and  shortening  are  unaltered  by the  at- 
tachment  of  a  membrane  microtubule 
TAC.  Position  of  the  microtubule  tips 
with (closed symbols) and without (open 
symbols) TACs was monitored over time. 
Changes in distance were measured rela- 
tive to the first data point for each plot 
and plots were arbitrarily shifted along a 
single  time  axis  for  comparison.  The 
points in each plot are interconnected by 
straight  lines.  Deviations  from  linearity 
are likely due to inaccuracies in tracking 
the positions of microtubule ends as they 
came in and out of focus. Inhibitors of mi- 
crotubule  motor  activity were  added  to 
undiluted extract. 
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during both growth and shortening at the microtubule plus end. 
(a-c) A membrane tubule was formed by a TAC (arrowhead) as 
the microtubule elongated. (d-f) When the microtubule switched 
from growth to shortening,  the  attachment  remained,  and  the 
membrane tubule was pulled back as the microtubule shortened 
at ~50 ixm/min. Extract was made 5 mM AMP-PNP. Time: (a) 0 s; 
(b) 10 s; (c) 22 s; (d) 26 s; (e) 28 s; (f) 30 s. Bar, 2 Ixm. 
back quickly (Fig 5 c), while the microtubule recoiled and 
straightened more slowly and continued its growth. 
We also observed that  the TACs had  a  strong affinity 
for  the  depolymerizing  ends  of  microtubules.  In  a  few 
cases,  as  a  membrane  tubule  was being pulled  by its  at- 
tachment to a shortening microtubule, it became fixed at a 
point along its length by entanglement in the microtubule 
mesh. As the microtubule continued to shorten, the mem- 
brane became taut and stretched, exerting tensile force on 
the microtubule. When the membrane tubule became very 
resistant  to  further  stretching,  the  TAC  suddenly  de- 
tached, and the membrane tubule recoiled back into an ag- 
gregate  near  its  attachment  site  to  the  coverslip  (not 
shown). 
Estimates  of the  force  required  for  TAC  detachment 
from  polymerizing  ends  were  made  from  situations  in 
which a stretched membrane induced a 90  ° angle between 
it and the axis of the microtubule end as the microtubule 
grew under compressive force (as in Fig. 5 b). In this situa- 
tion, the force of detachment is equal to the flexural rigid- 
ity  of the  microtubule  divided  by the  radius  of induced 
bend  squared.  When  values  of flexural  rigidity  reported 
for MAP-free microtubules assembled in vitro are used as 
an estimate (in the range of 0.8-5  ×  10 -23 Nm2; Dye et al., 
1993; Gittes et al., 1993; Venier et al., 1994; Tran, P., M. P. 
Sheetz, and E. D. Salmon, personal observations), we cal- 
culated a value for the detachment force in the range of 0.2 
to 1.0 pN for radius of curvature between 5 and 10 txm. It 
was not possible to obtain a more precise measurement of 
the TAC detachment force since exact values for microtu- 
bule flexual rigidity and the elastic properties of the mem- 
branes in the extract are unknown. 
Discussion 
The two most interesting findings of the present study are 
that:  (a) the ER, and possibly other types of unidentified 
membranes in the Xenopus cytoplasm contain TACs that 
are able to stay attached to microtubule plus ends during 
both the growth and shortening states of dynamic instabil- 
ity without altering the kinetics of tubulin association/dis- 
sociation; and (b) TAC motility is generated by plus end 
polymerization/depolymerization  dynamics  by  a  mecha- 
nism insensitive to inhibitors of motility produced by con- 
ventional kinesins or dynein. In this regard, it is important 
to consider both the molecular nature  and mechanism of 
TAC motility,  as  well  as  the  possibility that  this  type  of 
motility is involved in organelle movement in the cell. 
The MembraneIMicrotubule TA C: 
Molecular Candidates 
The dynamics of attachment  of the TAC to the microtu- 
bule  dimer  lattice  at  polymerizing  and  depolymerizing 
ends is defined by the velocites of growth and shortening. 
For example,  at a  growth rate of 20 txm/min, dimer addi- 
tion to the plus end occurs at 540 dimers/s. At a shortening 
rate  of 60  txm/min,  dimer  dissociation  occurs  at  1620 di- 
mers/s.  During  this  rapid  association  or  dissociation  of 
dimers, the TAC must be able to maintain a robust associ- 
ation with  the microtubule  end without detachment,  and 
without affecting normal rates of dimer exchange. Thus, it 
is likely that TAC attachment to a plus end is the collective 
result  of many  attachment  molecules  that  interact  tran- 
siently  (weakly)  and  asychronously with binding sites  on 
the 13 protofilaments in the microtubule cylindrical lattice. 
In spite of the fact that membrane tubule formation by 
TACs was insensitive  to inhibitors  of microtubule  motor 
ATPase activity, motor proteins still may be potential can- 
didates  for the  molecules  that  dynamically link TACs to 
plus ends, as proposed earlier for kinetochore attachment 
to the plus ends of kinetochore microtubules (Koshland et 
al., 1988; Chandra et al., 1993; Skibbens et al., 1993; Lom- 
billo et al., 1995a, b; Desai and Mitchison, 1995). One pos- 
sibility is that the structure of the microtubule tip, i.e., the 
GTP-tubulin cap during growth, or the curled GDP-tubu- 
lin protofilaments during shortening, inactivates motor ac- 
tivity. Another possibility is that the attachment molecules 
are modified motor proteins not capable of active translo- 
cation. Dynein in the presence of vanadate and ATP (Vale 
et  al.,  1989), bacterially expressed  constructs of the kine- 
sin-like protein, ncd, (Chandra et al., 1993), and a chimera 
The Journal of Cell Biology, Volume 130,  1995  1166 Figure 5.  The membrane/microtubule TAC makes a fairly robust attachment to the microtubule tip in undiluted extract. (a) As a mem- 
brane tubule (large  arrows) was formed by a growing microtubule (arrowheads), a region of the membrane tubule became stuck distal to 
its site of attachment at the microtubule tip (small arrow). As the microtubule continued to elongate, the membrane was pulled to its 
elastic limit. With continued microtubule growth, the microtubule bent and bowed (arrowheads) under the compressive force of the at- 
tached membrane. (b) The compressive force of the membrane and entanglement with other microtubules induced nearly a 180  ° bowing 
in the microtubule (arrowheads) and the taut membrane tubule (arrow) became oriented at nearly a 90  ° angle to the direction of micro- 
tubule growth. (c) The membrane tubule (large  arrows) snapped off of the microtubule tip (small arrow) and rapidly recoiled within 0.2 s, 
while the free microtubule (arrowheads)  straightened out much more slowly and continued growth along a linear path. Time: (a) 0 s; (b) 
16 s; (c) 20 s. Bar, 2 t~m. 
of ncd  tail  and  kinesin  motor domains  (Lombillo et  al., 
1995b)  are  all  capable  of  binding  to  microtubules  in  a 
"weak," non-force generating  state independent  of ATP 
hydrolysis. These molecules have been shown to maintain 
attachment to the microtubule lattice while permitting lon- 
gitudinal displacements along the lattice driven by Brown- 
Jan motion. Also, kinesins in a weak binding state are ca- 
pable of coupling a bead or a kinetochore to the end of a 
depolymerizing microtubule  both  in  the  presence  or  ab- 
sence of ATP (Lombillo et al., 1995a,  b). Whether kinesins 
work equally well at maintaining attachment to the tip of 
polymerizing ends is unknown. 
Alternatively,  the  attachment  molecules  may be  non- 
motor microtubule  binding  proteins.  This would  explain 
why TAC motility was insensitive  to inhibitors  of motor 
activity in our studies. One potential molecular candidate 
is the microtubule binding protein, CLIP-170. This protein 
is concentrated  at the plus ends of microtubules in inter- 
phase cells and can function to couple membranes to mi- 
crotubules (Scheel and Kreis, 1991; Pierre et al., 1992). 
Polymerization/Depolymerization  Driven 
Force Production 
An  important  aspect  of our  experimental results  is  that 
they demonstrate that an individual microtubule plus end 
can  push  during  the  growth  phase  and  pull  during  the 
shortening  phase  of  dynamic  instability.  These  findings 
add to the list of evidence that demonstrates that the as- 
sembly dynamics of cytoskeletal filaments can contribute 
significant  pushing  or  pulling  forces for cellular  motility 
(Tilney and Inoue, 1982; Koshland et al., 1988; Miyamoto 
and Hotani, 1988; Cortese et al., 1989; Dabiri et al., 1990; 
Coue et al., 1991; Theriot and Mitchison, 1991; Janmey et 
al.,  1992;  Miyata  and  Hotani,  1992;  Sanger  et  al.,  1992; 
Theriot et al., 1992; Lombillo et al., 1995a,  b). The mecha- 
nism of force generation for TAC motility during tubulin 
dimer association/disassociation at the microtubule end is 
probably  some  type  of  "Brownian  ratchet"  (Hill,  1985; 
Peskin et al., 1993; Desai and Mitchison, 1995; Oster et al., 
1995).  It is also likely that growth and shortening of plus 
ends can generate much more force than the drag forces 
on the  membranes in the  extract, since TAC attachment 
did  not  significantly  affect the  kinetics  of tip  growth  or 
shortening.  However, the  strength  of membrane  attach- 
ment to the microtubule tip during growth and shortening 
may substantially limit the useful force that can be gener- 
ated by assembly/disassembly. Direct measurements of na- 
tive microtubule flexural rigidity and the forces that stall 
plus end growth and shortening  are needed to be certain 
of the TAC detachment force and the potential force gen- 
eration by tubulin assembly dynamics. 
Implications for TACs In Vivo 
Our demonstration in Xenopus extracts that the assembly/ 
dissassembly dynamics of microtubules are  able to drive 
the  formation  of  tubular  membrane  networks  suggests 
that membrane/microtubule TACs may contribute to the 
formation of tubulovesicular organelle systems in the cell. 
The membrane tubules and polygonal networks formed by 
TACs in our in vitro system are similar in structure to both 
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1984,  1986;  Lee  and  Chen,  1988;  Dailey  and  Bridgman, 
1989; Lee et al., 1989; Cooper et al., 1990). Although both 
membrane  and microtubule dynamics have not been ob- 
served simultaneously in living cells, there is morphologi- 
cal evidence suggesting that TACs may contribute to the 
construction and maintenance of organelles. For example, 
in whole mount EM of advancing neuronal growth cones, 
where both the tubulovesicular and microtubule networks 
are relatively sparse (Dailey and Bridgman, 1989), the co- 
termination  of  membrane  tubules  and  microtubules  is 
striking.  Similar  to the TAC,  the termini  of these  mem- 
brane tubules are characterized by a globular, bulblike do- 
main (Dailey and Bridgman, 1991). 
In living cells, the extension of tubulovesicular processes 
is marked  by linear advance  that is often interrupted by 
periods of retreat and recovery (Lee and Chen, 1988; Coo- 
per et al., 1990). Although this type of behavior has been 
observed  in  vitro  during  tubule  formation  via  gliding 
mechanisms  (Dabora and Sheetz, 1988), it is also charac- 
teristic of microtubule ends undergoing dynamic instabil- 
ity observed both in vitro (Walker et al., 1988) and in liv- 
ing  cells  (Cassimeris  et  al.,  1988;  Sammak  and  Borisy, 
1988; Shelden and Wadsworth, 1993). In cells, tubulovesic- 
ular elements of the Golgi apparatus extend at a maximum 
rate of ~24  p~m/min (Cooper et al.,  1990), while ER  tu- 
bules extend at up to ~70 ~m/min (Lee and Chert,  1988). 
The rate of Golgi tubule extension in vivo is similar to the 
membrane  tubule elongation rates we observed for TAC 
coupled growing microtubules in our undiluted Xenopus 
extracts (19.05 ~m/min) and to the rates of growth of mi- 
crotubule plus ends in mammalian interphase cells in cul- 
ture (~20 ixm/min) (Shelden and Wadsworth, 1993). How- 
ever,  we  did not determine  if  Golgi-derived  membranes 
were present in the networks formed in our system. 
These comparisons to available in vivo data suggest that 
membrane/microtubule  TAC  motility  and  microtubule 
motor activity can both contribute to the formation of tu- 
bulovesicular organelle systems. This is supported by our 
observation that membrane tubule formation may occur in 
diluted Xenopus egg extract by two distinct mechanisms: 
either by membrane  gliding, or by TAC motility. Similar 
to the variety  of functional roles  played  by microtubule 
motors, TAC-like attachments to other organelles or struc- 
tures in cells may also couple microtubule plus end assem- 
bly dynamics to force production for several different mi- 
crotubule dependent motile phenomena. Examples include 
kinetochore  motility  during  prometaphase  congression 
and anaphase segregation (Coue et al., 1991; Skibbens et 
al., 1993; Lombillo et al., 1995b), poleward flux of kineto- 
chore  fiber  microtubules  (Mitchison,  1990;  Sawin  and 
Mitchison, 1991; Mitchison and Salmon,  1992), anaphase 
B  spindle  elongation  in  vertebrate  cells  (Waters  et  al., 
1993) and yeast (Yeh et al., 1995), and the movement and 
the tethering of spindles to specific sites at the cell surface 
during the asymmetrical  divisions  of oocyte meiosis  and 
embryonic development (Hyman and White, 1987; Lutz et 
al., 1988). 
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